Toluene-treated Staphylococcus aureus cells did not synthesize teichoic acid and lipoteichoic acid under the conditions used. The organism displayed, however, a high capacity of incorporating D-[14C]alanine into previously formed polymers. The reaction was dependent on ATP and enhanced by magnesium ions. The incorporation rate into lipoteichoic acid correlated with the rate of loss of alanine ester which occurred through transfer to teichoic acid and base-catalyzed hydrolysis. At pH 6.5 the loss (20% within 4 h) was completely compensated for by reesterification. At pH 7.5 the loss was 60%, but by accelerated incorporation it was reduced to 10%. Incorporation was also enhanced when the original substitution of lipoteichoic acid was lowered by previous growth of S. aureus at high salt concentration. The newly added alanine was randomly distributed along the poly(glycerophosphate) chain. The decreased alanine substitution of lipoteichoic acid after growth at high salt concentration was shown to result from a direct inhibition of alanine incorporation.
Lipoteichoic acid and teichoic acid are widespread membrane and cell wall components of gram-positive bacteria. In many cases both polymers are replaced with D-alanine ester (1, 3, 6) . A concomitant decrease of the alanine content of teichoic acid (15) and lipoteichoic acid (10) in Staphylococcus aureus at increasing salt concentrations in the growth medium led us to hypothesize that the incorporation of D-alanine into both polymers may be under the same control. In Lactobacillus casei the incorporation into lipoteichoic acid was shown to occur by a two-step reaction (5, 19) : substituents of lipoteichoic acid, 20 times faster than basecatalyzed hydrolysis (11) . Strong, albeit indirect, evidence suggested an alanyl transfer from lipoteichoic acid to teichoic acid. The almost complete loss of ['4C]alanine from lipoteichoic acid in the chase of these experiments pointed to a rapid formation of alanine-free polymer unless the vacant positions were reesterified. In favor of the latter possibility was the complete absence of alanine-free molecular species from lipoteichoic acid extracted from S. aureus (10) .
Here we report experiments with toluene-treated cells of S. aureus which show that in the absence of lipoteichoic acid synthesis, the loss of alanine ester substituents can in fact be compensated for by reesterification. Chemie GmbH (Taufkirchen, F. R. G.). Crude enzyme from Aspergillus niger (Rhozyme HP 150, concentrate, lot 3-007) was a preparation of Rohm and Haas, Philadelphia, Pa., kindly provided by R. A. Pieringer, Temple University, Philadelphia, Pa. Phosphodiesterase and phosphomonoesterase from A. niger were partially purified and assayed for catalytic activity as described previously (9) .
Analytical procedures. Measurements were done by established procedures (18) . Radioactivity was determined by scintillation counting in Aqualuma Plus (Lumac, Schaerbergen, The Netherlands) in a liquid scintillation counter (Rackbeta II, model 1215; LKB, Munich, F. R. G.). D-Alanyl-D-alanine and other low-Mr alanine-containing compounds were identified and analyzed for radioactivity in an amino acid analyzer as described earlier (11) .
Growth and radiolabeling of bacteria. S. aureus DSM20233 was grown in Difco Antibiotic Medium III (pH 7) on a gyratory shaker at 37°C. The doubling time was 40 min. For tolulene treatment, bacteria at logarithmic growth phase (absorbance at 578 nm, 0.8) were harvested by centrifugation and washed once with buffer A (50 mM 1,4-piperazinediethanesulfonic acid, adjusted with NaOH to pH 6.5, containing 20 mM MgCl2 and 10 mM dithiothreitol).
The poly(glycerophosphate) chain of lipoteichoic acid was radiolabeled by growing the bacteria on medium containing 1.6 ,uM [2-3H]glycerol (1 Ci/mmol). After one doubling time, the bacteria were collected by centrifugation, diluted 50-fold with prewarmed, unlabeled growth medium, and grown for another six generations. After this chase period, 75% of the cell-associated radioactivity was recovered in lipoteichoic acid (for methods, see references 11 and 16) . The specific radioactivity of the glycerol moieties was determined in a sample of lipoteichoic acid which was extracted from the bacteria and purified as described previously (7, 16) .
Treatment with toluene (5, 12) . All operations were done at 4°C. Bacteria from 1 liter of culture were suspended in 10 ml of buffer A with a Potter Elvehjem homogenizer. After the addition of toluene (100 pul), the suspension was vigorously stirred for 20 min. The treated cells were collected by centrifugation (4,000 x g, 5 min), washed once with buffer A, and suspended in 5 ml of the same buffer. The suspension was divided into portions as required for individual experi- (7, 11) and the alanine-containing hydrolysis products were separated in an amino acid analyzer as described previously (11) . (iii) For the measurement of the radioactivity of lipoteichoic acid, the bacteria were heat inactivated in the second ethanol wash at 60°C for 5 min, dried as described, and suspended in buffer A (500 1Ll) containing lysostaphin (10 U), RNase (7 U), and DNase II (45 U). After 15 min at 37°C, lipoteichoic acid was extracted with hot aqueous phenol at pH 4.7 in a total volume of 3 ml (16). The aqueous layer was freed of phenol by extraction with chloroform, propan-1-ol was added to a concentration of 15% (vol/vol), and lipoteichoic acid was purified on octyl Sepharose as previously described (16) .
The extraction of lipoteichoic acid from digested cells was complete (for measurement, see reference 16), in contrast to the earlier method involving mechanically disrupted cells (7, 11, 16) , in which Mg2+ present in the assay mixture interfered considerably with the extraction.
All results were normalized for a 1-ml assay mixture. Measurement of alanine ester replacement. Toluene-treated bacteria from 2 liters of medium (see above), prelabeled with [2-3H]glycerol, were divided into two portions and incubated under standard assay conditions: the larger portion (98 ml) with unlabeled D-alanine (1.9 mM) and the smaller one (2 ml) with the same concentration of D-[U-14C]alanine (800 pCi/mmol). The bacteria with unlabeled alanine were delipidated (16) and then treated with HF to hydrolyze the lipoteichoic acid (7) . In the hydrolysate the specific radioactivity of [3H]glycerol and the ratio of alanylglycerol to total glycerol were measured as described previously (7) . Sequential enzymatic hydrolysis of lipoteichoic acid.
[14C]alanyl-lipoteichoic acid (11.5 ,umol of glycerol) was incubated at 60°C with a partially purified mixture of phosphodiesterase (24 nkat) and phosphomonoesterase (44 nkat) from A. niger (9) in buffer C (2 ml). From samples taken at time intervals, lipoteichoic acid and its shortened homologs were precipitated with 80% (vol/vol) aqueous ethanol and removed by centrifugation. The supernatant was dried, redissolved in water, and analyzed for 14C radioactivity and, after mild alkaline treatment (0.2 M NaOH, 20°C, 2 h) (8), for glycerol. Incubation at 60°C accelerated the enzymatic hydrolysis 4.5-fold over that at 30°C, whereas the spontaneous hydrolysis of alanine ester remained negligible (4/2 = 156 h).
RESULTS Absence of lipoteichoic acid and teichoic acid synthesis in toluenized S. aureus. On treatment of S. aureus with toluene, the synthesis of lipoteichoic acid stopped, and it remained arrested when the cells were subsequently incubated under the conditions of the alanine incorporation assay (Fig. 1) . The stop of synthesis can partly be explained by the conversion of phosphatidylglycerol into cardiolipin, which occurred after toluene treatment as it did previously under the conditions of energy deprivation (16) .
The ability to synthesize teichoic acid was tested as described by Hancock (12) . In contrast to toluenized Bacillus subtilis cells, toluenized S. aureus did not synthesize poly(ribitol-phosphate) from CDP-[3H]ribitol even if ATP, CDP-glycerol, and UDP-N-acetylglucosamine were added.
Since the goal of the present work was to study the incorporation of D-alanine into previously formed lipoteichoic acid and teichoic acid, no attempts were made to improve the conditions of polymer synthesis.
Measurement ually lost lipoteichoic acid at a rate that was dependent on pH ( Fig. 1) . Since the alanine ester of excreted lipoteichoic acid takes no further part in metabolic reactions, the following studies were confined to the cell-associated fraction which was separated from excreted lipoteichoic acid as described in the legend of Fig. 1 bacteria was analyzed for total radioactivity and a second portion was hydrolyzed with HF (7). The radioactivity of alanylglycerol, N-acetylglucosaminyl alanyl ribitol, and alanine (derived from the low-Mr material) in the hydrolysate was measured after separation in an amino acid analyzer (11) . No alanine was seen when the bacteria were extracted with ethanol before hydrolysis. 2). This capacity was higher when cells had been treated with toluene at 4°C than when treated at 37°C (data not shown).
[14C]alanine appeared in lipoteichoic acid, teichoic acid, and unidentified low Mr material (Fig. 2) . The radioactivity recovered from these compounds equaled the total radioactivity incorporated. The [14C]alanine incorporated into lipoteichoic acid and teichoic acid was shown to be ester linked by complete hydrolysis at pH 9 in less than 1 h.
The incorporation of D-alanine into lipoteichoic acid required ATP and was enhanced by magnesium ions ( Table 1 ). The effect of added ATP was seen when the cells had been treated with toluene at 37°C rather than at 4°C. At the latter temperature the cells retained large amounts of endogenous ATP, as measured with a chemiluminescence procedure. Concerning the low-Mr material, the following observations were made: it was extracted from toluene-treated cells with 80% (vol/vol) aqueous ethanol; it was not retained on octyl-Sepharose; it eluted from the amino acid analyzer (11) as a distorted peak ahead of and together with alanine; and it gave D-alanine after treatment with HF. Pulse-chase experiments showed that approximately 80% of the material turned over rapidly with a half-time of less than 10 min (Fig.  3) . The lability of this material has so far prevented structural investigations.
Relationship between alanine ester loss from lipoteichoic acid and reesterification in dependence on pH. The relationship between loss and reesterification is illustrated by the experiments in Fig. 3 and 4 . The toluenized cells had been prepared from S. aureus grown on medium having a low salt concentration and therefore contained a high-substituted lipoteichoic acid (alanine/glycerol = 0.72). In the experiments of Fig. 3 , toluenized cells that had been pulse-labeled with ["4C]alanine were chased in the alanine incorporation mixture which contained unlabeled D-alanine.
In the chase at pH 6.5, 20% of the ["4C]alanine ester was lost from lipoteichoic acid within 4 h (Fig. 3) . From the parallel experiment in Fig. 4 it became evident that the molar ratio of alanylglycerol to total glycerol remained constant over the same time period under identical conditions. The molar ratio of [1"C] alanine to glycerol increased and unlabeled alanine was continuously replaced by ['4C]alanine, which confirms that the loss was compensated for by reesterification. After 4 h, 25% of the alanine substituents had been exchanged.
In the chase at pH 7.5, the loss of alanine ester from lipoteichoic acid was much faster than at pH 6.5, approaching 60% after 4 h (Fig. 3) . Despite this, the ratio of alanylglycerol to total glycerol decreased by less than 10% because the reesterification was considerably accelerated, and after 4 h, 50% of the alanine ester had been replaced (Fig. 4) .
Distribution of newly incorporated D-alanine along the poly(glycerophosphate) chain. The labeling experiment at pH 6.5 (Fig. 4) experiment. The decrease of '4C label in lipoteichoic acid in fact correlated with a gain of label in teichoic acid (Fig. 6 ). Hydrolysis and reincorporation can be excluded because liberated [14C]alanine would have been diluted more than 1,000-fold by the unlabeled alanine of the chase medium.
Since the short-lived lQw-Mr material (Fig. 3 ) cannot be the alanyl donor, these results strongly suggest a direct alanyl transfer from lipoteichoic acid to teichoic acid.
Incorporation of [14C]alanine into low-substituted lipoteichoic acid. In the experiment shown in Fig. 7 , toluenized cells were prepared from S. aureus grown on medium containing 1.3 M NaCl, which lowered the molar ratio of alanylglycerol to total glycerol to 0.38. When these cells were incubated at pH 6.5 under the same conditions as normally grown toluenized cells (see Fig. 4 ), the initial incorporation of ['4Clalanine was approximately twice as fast. Moreover, the accelerated incorporation resulted in a transient rise of alanyl substitution by more than 30%. The incorporation of [14C]alanine into teichoic acid appeared to be accelerated, too (see Fig. 1 and 7) .
Effect of salt concentration on incorporation of alanine. The results of Fig. 7 were surprising in view of the drastically reduced substitution of the lipoteichoic acid alanylated in vivo. One explanation was that high salt concentrations may directly affect the activity of the alanine-incorporating enzymes. To test this possibility, toluenized cells of S. aureus, grown at low salt concentration, were incubated with D-
[14C]alanine at the salt concentrations indicated in Fig. 8 .
Increasing salt concentrations in fact progressively reduced the incorporation of alanine into lipoteichoic acid. The effect was not specific for NaCl; KCI and Na2SO4 were similarly active. After incubation for 1 h, the radioactivity of cell-associated lipoteichoic acid was measured. b Lipoteichoic acid was extracted, purified (16) , and analyzed (7) as described in the references.
Also, in growing S. aureus, KCI had an effect similar to that of NaCl (Table 2) , which supports the idea of high salt concentrations acting directly on alanine incorporation in vivo.
DISCUSSION
The data reported here indicate that in toluene-treated S. aureus cells D-alanine ester is lost from lipoteichoic acid and replaced by an ATP-dependent incorporation of new Dalanine. The high substitution found in the living cell (10) is apparently maintained by this reesterification. Even toluenized cells, at pH 6.5, were capable of keeping up the native alanine/glycerol ratio of 0.72 (Fig. 4) .
In its requirement for ATP, the lack of influence of D-cycloserine, and the gradual inhibition by increasing concentrations of NaCl and KCl, the D-alanine-incorporating system of S. aureus closely resembles the D-alanine:-membrane acceptor ligase of L. casei (20) .
As can be estimated from our previous (11) and present data (Fig. 3) , the loss of alanine ester from lipoteichoic acid is approximately 10 times faster in living S. aureus than in toluene-treated cells. Compensation for the loss in vivo therefore requires a 10-fold higher rate of reesterification. The results shown in Fig. 3 and 4 may be'interpreted to indicate that the rate of reesterification depends on the velocity of alanine ester loss, although in these experiments a direct effect of pH on the alanine-incorporating enzymes cannot be precluded. The accelerated alanine incorporation into low-substituted lipoteichoic acid (Fig. 7) , however, indicates that the number of vacant positions per chain in fact plays a role. The random distribution of the newly added alanine ester (Fig. 5) suggests a random loss and direct reesterification of the vacant positions. That in vivo the total lipoteichoic acid takes part in alanine turnover and reesterification can be inferred from previous pulse-chase experime'nts (11) and the narrow range of substitution found in native lipoteichoic acid (10) .
Although toluene-treated S. aureus did not synthesize teichoic acid, it incorporated D-alanine into this polymer, too ( Fig. 2 and 7) . As with lipoteichoic acid, the incorporation was therefore a reesterification rather than a de novo addition. The chase experiment shown in Fig. 6 strongly suggests that the alanine incorporated into teichoic acid' was transferred from lipoteichoic acid. Recent pulse-chase experiments with growing S. aureus have led to the same proposal (11) .
Previous reports on chemostat cultures of S. aureus displayed a drastic decrease' of the alanine content of teichoic acid and lipoteichoic acid with increasing pH of the growth medium (2, 17) . A change of pH from 6 to 8 decreased the ratio of alanylglycerol to total glycerol in lipoteichoic acid from 0.67 to 0.07 (17) , whereas in ATPsupplemented toluenized cells the ratio fell from 0.72 to only 0.66 when the pH was raised from 6.5 to 7.5 ( Fig. 4 ; Table 1 ).
One reason for this difference may be that the glucoselimited chemostat cultures suffered from shortage of energy, thus being unable to compensate for the increased alanine loss at higher pH. The esterification of lipoteichoic acid with alanine raises topological problems. ATP is synthesized inside the cell, whereas lipoteichoic acid seems to be concentrated in the outer layer of the cytoplasmic membrane (21 and references therein). Alanylation of lipoteichoic acid may therefore be a transmembrane process such as has previously been documented for the biosynthesis of teichoic acid (4) and peptidoglycan (13, 14) in B. subtilis.
